Summary Frequency distributions for intracapillary HbO2 saturation were determined for two murine tumour lines (KHT, RIF-1) and two human ovarian carcinoma xenograft lines (MLS, OWI) using a cryospectrophotometric method. The aim was to search for possible relationships between HbO2 saturation status and tumour volume, tumour pH and fraction of radiobiologically hypoxic cells. Tumour pH was measured by 31P NMR spectroscopy. Hypoxic fractions were determined from cell survival curves for tumours irradiated in vivo and assayed in vitro. Tumours in the volume range 100-4000mm3 were studied and the majority of the vessels were found to have HbO2 saturations below 10%. The Tumour cells have the ability to promote neovascularization, probably via endogenous tumour angiogenesis factors (Folkman & Cotran, 1976) . However, the endothelial cells in newly formed tumour capillaries usually proliferate at a slower rate than the tumour parenchymal cells (Tannock, 1970) and, consequently, tumours develop an abnormal vascular architecture during growth (Vaupel, 1979 ). An increase in vessel length, a widening of vessel diameter and a broadening of the distance between vessels generally take place and redundant bending capillaries, cystiform vessels and lacuna-like sinusoids are formed. These modifications of the vascular architecture result in reduced blood flow and the occurrence of vessels with intermittent circulation, stasis and thrombosis. Consequently, local areas with hypoxic and anoxic cells, acid pH and necrotic tissue arise gradually during tumour growth (Thomlinson & Gray, 1955) . These abnormal physiological conditions may significantly influence cell proliferation, malignant progression and response to therapy of tumours.
Thus, there is some evidence that the radiocurability of tumours may depend on the availability and distribution of oxygen. Anaemic patients and patients with cardiovascular and pulmonary disease generally show decreased rates of local tumour control following radiation therapy (Bush et al., 1978; Blitzer et al., 1984; Hirst, 1986) . The radiation therapy of squamous cell carcinoma of the head and neck and of the uterine cervix has been reported to be improved by treatment in hyperbaric oxygen or with the hypoxic cell radiosensitizers metronidazole and misonidazole, especially for the patient categories with poor prognosis mentioned above (Dische et al., 1983; Overgaard et al., 1986; Revesz & Balmukhanov, 1987) . Moreover, experimental and clinical investigations have indicated that tumour cure rates may be increased by giving radiation therapy in combination with hyperthermia (Storm, 1983) , probably because heat cytotoxicity is enhanced at acid pH and poor oxygenation and nutrition (Urano et al., 1980 (Grunewald & Lubbers, 1975; is one potentially useful method for characterization of the oxygenation status of tumours (Vaupel, 1979) . HbO2 saturations are also related to tumour pH since tissue acidosis causes a right shift of the HbO2 dissociation curve, implying reduced HbO2 saturation values at acid pH. Moreover, acid pH impairs tumour microcirculation by reducing the erythrocyte deformability. Vaupel et al. (1978; 1979) have shown significantly lower HbO2 saturations in tumours than in normal tissues by using a cryospectrophotometric method. It has also been demonstrated that HbO2 frequency distributions may differ among individual tumours and are related to vascular density (Miiller-Klieser et al., 1980; (Vaupel, 1977; Vaupel et al., 1978 (Thomson & Rauth, 1974) . The RIF-1 sarcoma line was maintained alternately in vivo and in vitro according to a previously established protocol in order to minimize genetic drift and development of antigenicity (Twentyman et al., 1980) . The tumours used in the present experiments were initiated by inoculating 2 x 105 KHT or RIF-1 cells subcutaneously into the flank of 8-10 week old female C3H/HeJ mice (The Jackson Laboratory, Bar Harbor, ME).
The MLS and OWI human ovarian carcinoma xenograft lines were initiated from cell lines established in monolayer culture and maintained in athymic mice by serial, s.c. transplantation of tumour fragments, -.2 x 2 x 2mm in size Histological sections were prepared from tumours using standard procedures. The tumours were embedded in paraffin casts, and sections 2-3,um thick, were cut and mounted on glass slides. The sections were stained with eosin and haematoxylin. The volume fraction of necrosis in the tumours was determined by point-counting, as described previously (Solesvik et al., 1982 The cold stage of the cryospectrophotometer consisted of a styrofoam container for liquid nitrogen sealed with GE RTV615A silicone rubber compound and a hollow brass cylinder mounted vertically within the styrofoam container.
The brass cylinder was closed at its lower end and isolated the sample holder from the liquid nitrogen in the styrofoam container. The sample holder was positioned in a 95% ethanol bath within the brass cylinder. A heating coil wrapped around the higher end of the brass cylinder maintained the temperature of the ethanol bath at -110 +5C during measurement of HbO2 saturations.
Cryospectrophotometry; principles and calibration Spectrophotometric measurement of HbO2 saturations in blood is based on differences between the absorption spectra of oxygenated and deoxygenated haemoglobin. The characteristics of haemoglobin absorption spectra, the principles of HbO2 spectrophotometry and the theory of light absorption and scattering by blood have been described in detail (Van Assendelft, 1970; Pittman, 1986) . Intracapillary HbO2 saturations were in the present work measured by reflection cryospectrophotometry using a modification of the four wavelength method of Gayeski (1981) . Quantitative evaluation of haemoglobin spectra obtained by reflection cryospectrophotometry involves distinct problems caused by the non-linear relationship between absorption and reflection. This non-linear relationship is also a function of the light scattering coefficient, which is in turn wavelength dependent. The extent of these problems and approaches to minimize them have been discussed by Hoffman et al. (1984) and Hoffman & Lubbers (1985) applying the two flux theory of Kubelka & Munk (1931) . The four wavelength method used here applied measuring wavelengths of 557 and 578nm and 'isosbestic' wavelengths of 565 and 584 nm (note that the wavelengths of 565 and 584 nm are not true isosbestic according to the most stringent definitions and do not have to be, as detailed by Fenton et al. (1988) ). HbO2 saturations were determined as the average of the values measured at 557 and 578nm. This procedure and these wavelengths were under the present experimental conditions found to minimize the problems of reflection cryospectrophotometry discussed above and allowed vessels of widely varying haematocrit to be analysed accurately using a single calibration curve (Fenton et al., 1988) . Moreover, a third 'isosbestic' wavelength of 547nm was used together with the two 'isosbestic' wavelengths of 565 and 584nm to check for possible variations in light scattering conditions due to differences in ice crystal size and surface characteristics among different vessels and different tumour specimens. A schematic illustration of the principles of the four wavelength method is shown in Figure 1 . A detailed mathematical description of the method is presented elsewhere (Fenton et al., 1988) . The four wavelength method of analysing haemoglobin spectra and the multicomponent wavelength analysis of Lubbers & Wodick (1969) have been shown to give similar HbO2 saturations (Degner & Gayeski, 1987) .
The calibration of the present cryospectrophotometric method has been described in detail by Fenton et al. (1988 ing the whole range from 0 to 100%. One half of each sample was analysed on a co-oximeter for exact determination of HbO2 saturation, whereas the other half was frozen in liquid nitrogen and analysed on the cryospectrophotometer. Moreover, blood was drawn from vessels in dog muscles and analysed immediately afterwards on the cooximeter. The muscles were then frozen as described above for tumours and the vessels were analysed cryospectrophotometrically. Spectra from vessels with deoxygenated haemoglobin were obtained by analysis of tumours frozen 15min after the host mice were asphyxiated. The 'isosbestic' and the measuring wavelengths were determined from the haemoglobin spectra (see above) and a linear relationship between cryospectrophotometric and co-oximetric readings of HbO2 saturations was established (Fenton et al., 1988 ). Significant differences between mouse and dog blood were not seen, in agreement with observations of Degner & Gayeski (1987 . Briefly, the mice were anaesthetized with sodium pentobarbital and positioned horizontally in the center of the magnet bore for spectro- (Gadian et al., 1982 (Rofstad, 1981 higher (asphyxiated mice) or lOGy and higher (air-breathing mice), i.e. only doses that eliminated the oxic cells under airbreathing conditions were considered in the analyses. Fraction of hypoxic cells was determined from the vertical displacement of the two survival curves.
Results
Frequency distributions for intracapillary HbO2 saturation for four tumours of approximately the same volume, one tumour from each of the lines, are presented in Figure 2 . Even though these distributions refer to very large tumours, it can be seen that HbO2 saturations covering the whole range up to 90% were measured. However, the majority of the vessels showed HbO2 saturations below 10%. The figure also indicates that for this tumour volume the frequency of vessels with high HbO2 saturations was higher for the two human tumour xenograft lines than for the two murine tumour lines, which was confirmed by studies of a larger number of tumours (see below). Figure 3 shows similar HbO2 frequency distributions for four KHT tumours differing significantly in volume. The HbO2 saturations were gradually shifted towards lower values as the tumour volumes increased.
A total of 15 individual tumours from each of the four tumour lines were subjected to HbO2 saturation measurements. Relevant relationships between HbO2 saturation status and tumour volume are presented in Figure 4 . Several approaches have been used to analyse HbO2 frequency distributions, including calculation of mean saturation, median saturation, modal class of saturation and percentage of vessels with saturation below or above a given cut-off value Muller-Klieser et al., 1980) . The most relevant parameter in relation to tumour pH and hypoxia is probably the fraction of vessels with HbO2 saturation above the highest saturation value giving rise to radiobiological hypoxia, i.e. tissue P02 values of 3mmHg. This cut-off value depends on the HbO2 dissociation curve and hence on tumour pH, the numeric values of the oxygen diffusion constants, the rate of oxygen consumption and the intercapillary distances, and will therefore differ among different tumours and tumour lines. By choosing reasonable average values for these parameters, it can be calculated that intracapillary HbO2 saturations below -30%, corresponding to a blood P02 of 30-40mmHg, will result in radiobiological hypoxia in tumours in mice (Muller-Klieser et al., 1983) . The numeric value is probably lower than 30% for tumours with high capillary density. Moreover, the fraction of hypoxic cells is expected to be higher around vessels with very low HbO2 saturations than around vessels with HbO2 saturations slightly below 30%. Consequently, fraction of vessels with HbO2 saturation above 10, 20 and 30% respectively, were used as parameters for tumour HbO2 saturation status in Figure 4 . The HbO2 saturation status of the tumours decreased with increasing tumour volume for the KHT, RIF-1 and MLS lines, whereas no change with tumour volume was observed for the OWI line (Figure 4 ). This observation was independent of whether a cut-off value of 10, 20, or 30% HbO2 saturation was used for the analysis. There was no correlation between HbO2 saturation status ( Figure 4 ) and volume-doubling time or volume fraction of necrosis (Table  I) across the four tumour lines. However, the data indicated a relationship between rate of decrease in HbO2 saturation status and rate of development of necrosis during tumour growth; the KHT and RIF-1 lines showed large changes in both HbO2 saturation status and necrotic fraction and the MLS line showed moderate changes in both parameters, whereas the OWI line did not show significant changes in any of the parameters.
The tumours were subjected to 3 lP NMR spectroscopy immediately before they were frozen for cryospectrophotometry. Figure 5 shows tumour pH as a function of tumour volume for the same 60 tumours that are analysed in Figure  4 . Tumour pH decreased with increasing volume for the KHT, RIF-I and MLS lines, whereas the OWI line did not show a significant pH change with increasing volume.
The volume-dependence of HbO2 saturation status and of tumour pH for the four tumour lines are compared in Figure  6 . There was a striking similarity between the two groups of curves. of tumour pH for individual tumours. The KHT, RIF-1 and MLS tumour lines showed clear relationships between these two parameters; tumours with high HbO2 saturation status also had high pH. HbO2 saturation status and tumour pH Table I Tumour characteristics Volume-doubling Volume fraction of time (days) necrosis ( , dog myocardium (Vaupel et al., 1V (Miiller-Klieser et al., 1981) (Vaupel, 1977; (Vaupel, 1979; Vaupel et al., 1981 (Calderwood & Dickson, 1982; Jain et al., 1984 (Zander & Schmid-Schonbein, 1972; Vaupel, 1979 cantly to the right at acid pH. There is theoretical (Reneau & Silver, 1977) and experimental evidence (Siemann & Macler, 1986; Hirst & Wood, 1987) (Vaupel, 1976) and the water content ttion curves for may differ considerably among different tumours as revealed / saturation) is by NMR measurements of proton T1 and T2 relaxation times ,r mouse under (Kiricuta & Simplaceanu, 1975 (Gullino, 1976; Vaupel, 1979; Sutherland, 1986) . Cell survival time under hypoxic conditions depends u -on intrinsic properties of the tumour cells and is significantly modified by low glucose concentrations and acid pH (Steel, 1977; Wike-Hooley et al., 1984; Rotin et al., 1986; Freyer & Sutherland, 1986) . Moreover. in vitro studies of multicellular spheroids also suggest that the hypoxic fraction of a tumour is not determined only by the oxygen supply conditions; spheroids of the same size from different tumour lines grown and irradiated under identical oxygen supply conditions may show significantly different hypoxic fractions (Acker et al., 1984; Miiller-Klieser, 1987) .
Adequate, reliable methods for prediction of radioresistance caused by hypoxia and for monitoring of tumour oxygenation status during fractionated radiation therapy are highly needed in order to individualize and hence optimize clinical radiation therapy (Peter et al., 1984) . Cryospectrophotometric measurement of intracapillary HbO2 saturations in tumour biopsies will probably have limited practical value in that respect, mainly because there is no clear relationship between HbO2 saturation status and fraction of radiobiologically hypoxic cells in tumours (Figure 9 ). Moreover, different biopsies from the same tumour may show significantly different HbO2 frequency distributions due to pronounced inhomogeneities in oxygen supply conditions within tumours in man (Miiller-Klieser et al., 1981; Wendling et al., 1985) . However, it cannot be excluded that the cryospectrophotometric method may be of some value in clinical radiation therapy if used in combination with other methods for prediction of radioresistance and monitoring of reoxygenation or used to confirm the effectiveness of physiological interventions designed to change the oxygen carrying capacity of the blood in tumours.
The cryospectrophotometric technique has, on the other hand, a significant potential in experimental studies of tumour oxygenation since it can be used to provide quantitative information on the HbO2 saturation in any capillary in a tumour. This unique feature makes the technique very powerful in studies of relationships between oxygen supply and important biological phenomena such as cell proliferation and differentiation, malignant progression, and development of hypoxia and necrosis, relationships that are not well characterized and understood for tumours in vivo.
